HeLa cells were infected with radiolabelled poliovirus at different temperatures, and the intracellular distribution of input radioactivity was studied. To this end, homogenates were fractionated by rate zonal centrifugation in linear isoosmotic (2 to 30%) Nycodenz gradients. Further purification of subcellular fractions was achieved by recentrifugation to equilibrium in 10 to 30% Nycodenz. Temperatures were kept below 30 °C to prevent virus capsid modification. Under these conditions, the cell-associated virions remained fully infectious. Below 18 °C, most of the viral label was recovered from a bottom region (BR) of the rate zonal gradients. Marker enzyme analysis and antibody accessibility showed that the BR consisted of virions bound to the plasma membrane. Between 18 °C and 26 °C, viral label also accumulated in a top region (TR) of the rate zonal gradients. According to the criterion of antibody accessibility, the virions associated with the TR were present within intracellular structures, probably lipid membranes. Electron microscopy confirmed the presence of vesicles and tubules in this region of the gradient. No correlation was found between the TR and endosomal, lysosomal or plasma membrane markers. The TR equilibrated at low density (1.10g/ml) in Nycodenz (free virus, 1.31 g/ml). The results confirm that intact poliovirions can enter the cell and do so via lipid-bound vesicles.
Introduction
Little is known about the early phases of poliovirus development, except that the virus attaches to a specific receptor at the plasma membrane (Mendelsohn et al., 1989) . Several intracellular RNA-containing eclipse products may be formed, such as 135S and 110S particles (intact virions are 160S), which are devoid of VP4 and infectivity (Everaert et al., 1989) . However, that infecting virions have to go through one or more of these stages before they can deliver their RNA to the translating systems of the cell ('uncoating') has not been established. One of the major obstacles to defining the uncoating mechanisms can be attributed to the high ratio of physical:infectiousvirus particles, which tends to obscure the relevance of the experimental data to productive infection.
The site of the initial capsid modifications have long been a matter of debate; the plasma membrane has been suggested as the site of the alteration of 160S to produce 135S particles (De Sena & Mandel, 1976; Guttman & Baltimore, 1977) , and the capacity of purified poliovirus receptor to induce alteration in poliovirions (Kaplan et al., 1990) indirectly supports this idea. Other evidence suggests that picornaviruses enter the host cell without prior modification (Mandel, 1967; Lonberg-Holm & Whiteley, 1976) . This is also postulated in theories of receptor-mediated endocytosis (Madshus et al., 1984; Willingmann et al., 1989) . In these theories, the acidic pH of endosomes and/or lysosomes is suggested to play a role in capsid modification and/or uncoating, although the requirement for low pH has recently been questioned (Gromeier & Wetz, 1990) .
At present, there is no compelling evidence for the uptake of unmodified poliovirions by the host cell. The many reports of cell-associated intact virions have failed to disprove the possibility of their external location and conversely, when intracellular virus particles were revealed by electron microscopy (EM) (Willingmann et al., 1989) , there was no proof that they were intact. Actually, we know of only one demonstration of the physical presence of poliovirus-derived particles in a cytoplasmic organelle using cell fractionation techniques (Habermehl et al., 1973) . However, even this attempt suffered from a lack of resolution, possibly due to the use of hypertonic sucrose gradients. What was obviously needed was a non-denaturing method to separate intracellular organelles and study their virus contents.
In the present paper, we propose a method for the fractionation of the contents of infected HeLa cells based 0001-0437 © 1992 SGM on mechanical disruption of the cells followed by rate zonal centrifugation of the homogenate in an isoosmotic linear Nycodenz gradient. With this method, our first goal was to find out whether poliovirions actually enter the cell at temperatures that preclude capsid modification. Low adsorption temperatures are generally used (prior to a temperature shift to 37 °C) to increase cellassociated radioactivity and to 'synchronize' the infection. This approach aUowed us to define two subcellular fractions in which poliovirus resides when the temperature is kept below 30 °C.
The methodology opens the way for a systematic study of the intraceUular movements of infecting virions at 37 °C, and of the intracellular site of their modification and uncoating.
Methods
Potiovirus labelling and purification. The 35S-labelled Mahoney strain of poliovirus type l was used throughout. Labelling and purification were as in Everaert et al. (1989) .
Adsorption to HeLa cells. Logarithmic phase HeLa cells were resuspended in ice-cold modified Eagle's medium without serum at a concentration of 1 x 106 cells/ml. 35S-labelled virus was added at 83 ng/106 cells, representing an input multiplicity of 6100 virions/cell. The cell-virus mixtures were incubated in rotating 50 ml Falcon tubes at different temperatures. The virus uptake increased linearly with temperature; under standard conditions (2h incubation at 26°C) approximately 26% of the input radioactivity became cell-associated.
Detergent lysis. After virus adsorption, the cells were washed twice with medium and resuspended in PBS (0.14 M-NaC1, 2.7 mM-KCI, 10 mM-phosphate buffer pH 8-0). Lysis was induced by adding NP40 (final concentration 1%) to 18 x 106 cells suspended in 300p.l PBS. After 10 min on ice, the lysate was centrifuged (8000 g, 10 min). The supernatant contained more than 90% of the cell-associated radioactivity.
Homogenization. Homogenization was at 0 °C. After virus adsorption, the cells were washed twice with medium, once with homogenization buffer (8.5% w/v sucrose, 1 mM-EDTA, 5 mM-Tris-HCl pH 8-0) and finally resuspended at 107 cells/ml in this buffer. The cell suspension was forced back and forth (40 pushes) between two syringes fitted with 21-gauge Microlance needles, joined by a 10 cm piece of polyethylene tubing of 0.76 mm bore. Disruption of the cells was monitored by microscopy. After centritugation at 750 g for 5 min the post-nuclear supernatant was analysed by ultracentrifugation (see below); the nuclear pellet which never contained more than 10 % of the radioactivity, was discarded.
Density gradient cenrifugation. Samples were layered on one of the gradients listed below. Fractionation was by upward displacement; fractions of approximately 0-4 ml were collected in Nunclon microtitration plates. Samples of at least 50 l.tl were taken for 3ss counting in an LKB-Rackbeta 1218 liquid scintillation counter using Optiphase Hisafe 3 (LKB). A Kontron Gammatic counter was used for 12~I.
Rate zonal sucrose gradient analysis was performed using 15% to 30% sucrose gradients made in PBS pH 8.0. Centrifugation was for 5.5 h at 110000 gay in an MSE 30.6 swing-out rotor.
Rate zonal Nycodenz gradient analysis was performed in linear 2% to 30% Nycodenz gradients. Nycodenz (30%; Nycomed Pharma) was made in 5 mM-Tris-HC1 pH 8.0 supplemented with 1 mM-EDTA pH 8.0; 2% Nycodenz was made by diluting the 30% solution with isotonic sucrose (homogenization buffer). Centrifugation was for 1 h at 90000 g,v in an MSE 30.6 swing-out rotor.
Equilibrium centrifugation was in 10% to 30% Nycodenz gradients (prepared as above) for at least 8 h at 80000 g~ in an MSE R65 fixedangle rotor.
Enzyme assays. Alkaline phosphatase was assayed as described (Rickwood, 1983 ) using p-nitrophenyl phosphate; 5'-nucleotidase was tested using [3H]AMP (Avruch & Wallach, 1971) ; leucyl-/J-naphthyl amidase activity was tested according to Peters et al. (1972) after extensive dialysis in a microdialyser to remove the Nycodenz; N-acetylfl-glucosaminidase (hexosaminidase) and fl-galactosidase were tested using 4-methyl-umbelliferyl derivatives dissolved in methoxyethanol (Peters et al., 1972) .
EM. Samples were fixed overnight at 4 °C with 1.5 % glutaraldehyde in 0.1 M-phosphate pH 7.4 containing 2% sucrose. The samples were then pelleted at 90000g for 1 h. The pellets were treated with Millonig's 1% osmium tetroxide and further processed for embedding in Epon. Sections were counterstained in uranyl acetate and Reynolds' lead citrate.
Immunoprecipitation. Microimmunoprecipitation tests with fixed
Staphylococcus aureus strain Cowan t were performed according to Vrijsen et al. (1983) using a monoclonal antibody (MAb) (35-Ic3) which recognized both N and H viral antigens (Brioen et al., 1982) . The ascitic fluid had immunoprecipitation titres of 104.5 and 101,2 against the N and H antigens respectively, and was used at a final dilution of 1 : 100.
Results
One of the main questions to be addressed in this work was whether intact poliovirions actually entered HeLa cells at low temperatures. Therefore we set out to define the conditions that would allow observation of phenomena connected with virus uptake without virion modification. Next, we tried to characterize the localization of the virions as being truly intracellular.
Intracellular localization of unmodified virions
To find a suitable temperature for virus uptake while avoiding modification of the capsid, virus was allowed to interact with HeLa cells for 3 h at temperatures ranging from 0 °C to 37 °C. The cells were then lysed with 1% NP40 and the viral contents analysed by sucrose gradient centrifugation. Up to 26 °C, all the cell-associated virus consisted of 160S intact virions (Fig. 1, tracing a) . At 30 °C, incipient formation of 135S and 80S particles was observed (tracing b). When the temperature was raised further, eclipse products were formed in increasing amounts, until at 37 °C little 160S material remained (tracing c). In conclusion, 26 °C was considered to be a safe temperature for the study of the possible uptake of intact virions.
The taken from the cell suspension and chilled on ice. The cells were washed and homogenized by gentle mechanical shearing (see Methods) and the homogenates were layered over linear 2 to 30% isoosmotic Nycodenz gradients. As shown in Fig. 2 (a), viral label was distributed over two regions, one at the bottom of the gradient [bottom region, (BR)] and another at the top (TR), with a faint shoulder towards the middle region. The time series in Fig. 2(a) shows that during the first 2 h (tracings a and b) both TR and BR increased, whereas only the TR continued to increase for the full 4 h test period (tracings c and d). This suggests that after 2 h a dynamic equilibrium was reached with virions passing through the BR to the TR, in which they accumulated.
In other experiments, similar distributions were observed after 2 h at temperatures ranging from 20 °C to 30 °C. The TR increased in size with temperature (results not shown); However, at 18 °C viral label remained associated mainly with the BR (Fig. 2b) .
Incubation for 2 h at 26 °C was chosen as the standard procedure for further experiments. Under these conditions, we expected a roughly equal distribution of radioactivity between the TR and BR, saturation of the BR, and no modification of the virions.
Characterization of subcellular fractions using marker enzymes
A set of five marker enzymes was used to characterize the various subcellular fractions. After the standard adsorption period, the cell contents were fractionated by rate zonal centrifugation in Nycodenz. Part of each fraction was used for radioactivity counting (Fig. 3 a) and the rest for enzyme assays (see Methods).
5'-Nucleotidase has been shown to be enriched in the plasma membrane of different cell types, including HeLa cells (Bosmann et al.,1968) . As shown in Fig. 3(c) , the activity of this enzyme followed a bimodal distribution, with the faster peak cosedimenting with the BR. No correlation with the TR was seen. Partial association with the BR was also observed with alkaline phosphatase, another membrane-associated enzyme (Fig. 3b) . The sedimentation profile of alkaline phosphatase in homogenates of uninfected HeLa cells (data not shown) was exactly as shown in Fig. 3(b) , meaning that the uptake of virus at 26 °C did not perturb the distribution of the enzyme.
Lysosomes were located by assaying the enzyme Nacetyl-fl-D-glucosaminidase (hexosaminidase). As can be seen in Fig. 3 (d) , the lysosomes sedimented in the middle region of the gradient (some enzyme activity remained in the sample zone, probably as a result of organelle breakage during homogenization). The lysosomes were well separated from both the TR and BR, indicating that under the prevailing experimental conditions (26 °C, 2 h) little cell-associated virus had entered this compartment. Another lysosomal marker, fl-galactosidase, gave exactly the same profile (not shown).
Leucyl-fl-naphthyl amidase has heen proposed as an endosomal marker in HeLa cells (Ajioka & Kaplan, 1987) . The profile of this enzyme (data not shown) coincided exactly with that of the lysosomal markers, so that neither the TR nor the BR were endosomal according to this criterion.
In conclusion, the BR was clearly associated with the plasma membrane, but none of the enzyme markers could be correlated with the TR. We used transferrin in a further effort to identify the subcellular organelles containing virus radioactivity. Two separate portions of the same cell suspension received 125I-labelled transferrin or 35S-labelled virus. After standard incubation (2 h, 26 °C), the cell homogenates were analysed by rate zonal centrifugation in Nycodenz. The results are shown in Fig. 4(a and c) . The transferrin profile exhibited one major peak with a definite left shoulder corresponding to the TR. In contrast, transferrin bound to cells at 10°C was recovered in a single peak, corresponding to the BR (data not shown).
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To determine whether the virion-containing vesicles in the TR really contained transferrin, the TR peak fractions (5 to 10) from both the 35S and 1251 gradients were pooled and recentrifuged to equilibrium in 10 to 30% Nycodenz. The results are shown in Fig. 4(b and d) . The TR equilibrated around 1.10 g/ml with a shoulder towards the lower densities (Fig. 4d) . On the other hand, transferrin equilibrated around 1-09 g/ml, with a faint shoulder towards the higher densities (Fig. 4b) . As the two profiles overlapped only slightly, we may conclude that the bulk of the transferrin resided in a cell compartment different from that containing the TRassociated virions, although other mechanisms may have contributed to this difference (see Discussion).
Accessibility of cell-associated virions to antibody added extracellularly
We examined the accessibility of the BR-and TRassociated virions for antibody added to whole cells. After the standard adsorption period, the cells were washed to remove unbound virus, further incubated on ice for 1 h with MAb 35-1c3 (see Methods) and washed again at 0°C to remove unbound antibody. The temperature of 0 °C was chosen to exclude any internalization of antibody or further uptake of virus. After homogenization and rate zonal centrifugation in Nycodenz, each gradient fraction was divided in two. Both halves were treated with NP40 to break up membranes that might hinder immunoprecipitation (see Methods), and one-half received fixed staphylococci. After incubation, the immune complexes were removed by low-speed centrifugation and the supernatants assayed for radioactivity. Control cells were treated in the same way, but without antibody. The results are shown in Fig. 5 . In the antibody-treated cells (a), the bacteria caused major depletion from the BR, but little from the TR. In control cells (b), the addition of fixed staphylococci made no difference, showing that the bacteria themselves caused no depletion. In conclusion, when whole cells were exposed to antibody the virions fated to appear in the BR were accessible, confirming that the BR was derived from the plasma membrane. In contrast, the virions destined to appear in the TR could not be reached by antibody added extracellularly indicating that they were already intracellular at the time of homogenization. In addition, the results show that the TR was not derived artefactually from virions bound to the plasma membrane before homogenization.
Physical condition of the virus in the TR
It was suspected that the radioactivity in the TR might consist of free virions, all the more so because free virus sedimented close to the TR peak (Fig. 6a) . To confirm this, three top TR fractions were pooled, treated with 1% NP40 (10 min, 0 °C) to free the virions from membrane structures and analysed by sucrose gradient ultracentrifugation. After detergent treatment, essentially all the radioactivity sedimented as a single narrow peak at the 160S location of free virions (Fig. 6b) . On the other hand, the untreated TR material yielded a major peak of roughly 100S (the location of this peak was somewhat variable in successive experiments, sometimes coming close to 130S) and a minor one at 160S. It was concluded that the bulk of the virions in the TR was associated with detergent-sensitive structures. In additional experiments, it was found that these structures could be disrupted by NP40 concentrations as low as 0-1% (results not shown). The next question was whether the virions in the TR were actually enclosed within vesicles. If so, they were expected to remain inaccessible to antibody added after homogenization, and subsequent addition of fixed staphylococci would cause no loss of radioactivity. Following standard incubation and homogenization, MAb 35-1c3 was added to a portion of the homogenate. After 1 h at 0 °C, rate zonal centrifugation in Nycodenz was performed. The same profile was obtained whether antibody had been added or not, and the radioactivity was equally divided between the TR and BR (not shown). The TR and BR peak fractions of both gradients were pooled and recentrifuged to equilibrium in Nycodenz to remove unbound antibody. As shown in Fig. 7 , there was a small but distinct difference in equilibrium density between the TR (a and c) and BR (b and d) peaks, corresponding to densities of 1.10 and 1.12 g/ml, respectively. Free virus, owing to its high density of 1.31 g/ml, was pelletted onto a 75% Nycodenz cushion layered under the gradient. In the antibody-treated sample, the addition of bacteria caused a major depletion of the BR (Fig 7a) , whereas the TR-associated radioactivity remained unchanged (Fig. 7 b) . As expected, the bacteria failed to cause significant depletion when antibody was omitted (c and d). In conclusion, most virions associated with the BR in the homogenate were accessible to antibodies, but the TR-associated virions were inaccessible and therefore presumably secluded within vesicular structures.
Specific infectivity of virions in the BR and TR
The cell-associated virus after standard incubation consisted exclusively of 160S virions, and the same held true for virus recovered from detergent-disrupted TR (Fig. 6b) or BR (not shown). The specific infectivity of TR-and BR-derived virus was determined and found to be essentially equal to that of control virus (Table 1) . It is concluded that the virus remained fully infective after it was internalized under conditions in which no modification to 135S or other eclipse products occurred.
EM of the TR and BR
Cells were incubated under standard conditions (26 °C, 2 h) and the cell homogenate was centrifuged in a 2 to 30% Nycodenz gradient. Peak fractions from the TR and BR were pooled and recentrifuged to equilibrium in 10 to 30% Nycodenz. Peak fractions from this gradient were again pooled and prepared for EM (see Methods). Fig. 8(a) shows the TR material collected after equilibrium recentrifugation. Vesicles ranging from 50 to 300 nm in diameter can be seen, some of which contain still smaller vesicles. These are possibly multivesicular endosomes and presumably part of the late endosomal system described by Hopkins et al. (1990) . These authors propose that the late endosomes undergo a maturation process characterized by the gradual uptake of smaller vesicles into larger ones. The multivesicular structures in our TR material (large arrows) are all about 300 nm in P. Kronenberger and others diameter, and their relatively low vesicle load suggests an early o~" intermediate stage in the maturation of late endosomes.
Tubules can be distinguished, some of which have a flask-shaped appearance (small arrows); these structures may be remnants of a tubulo-vesicular network. No lysosomes or mitochondria are seen. In conclusion, the morphological evidence confirms the vesicular structure of the TR material and suggests that these vesicles may be related to endosomes.
EM of the BR material (Fig. 8b ) revealed large membrane fragments and microvilli-like structures, as expected for plasma membrane.
Discussion
When first using isopycnic gradients covering the density range of 1.05 to 1.2 g/ml essentially all the viral label in cell homogenates was observed to equilibrate around 1.1 g/ml. Therefore we attempted to separate the virus-containing structures by rate zonal centrifugation in 2 to 30~ Nycodenz (density range 1.02 to 1-16 g/ml). This approach allowed us to define the two main cellular compartments in which the virus resided after incubation at temperatures below the 30 °C threshold for virion modification. Up to 18 °C the virions resided mainly at the plasma membrane (BR); at higher temperatures, virus also appeared in a new location (TR).
A drawback of rate zonal centrifugation was the cosedimentation of free virus with the TR peak. This problem was solved by recentrifugation to equilibrium in 10 to 30~ Nycodenz. In these gradients the free virus was easily separated from all subcellular fractions owing to its density, 1.3 g/ml.
The BR cosedimented with some plasma membrane marker enzymes, strongly suggesting that the virions in this region were bound to the plasma membrane. The virions from the BR were accessible to antibody added extracellularly and retained this accessibility after homogenization, thus confirming their identity as plasma membrane-bound virions.
When the incubation temperature exceeded 18 °C, viral label accumulated in a new region of the gradient, the TR. This material did not cosediment with classical plasma membrane or lysosome markers, or with leucyl-flnaphthyl amidase, a putative endosomal marker in HeLa cells (Ajioka & Kaplan, 1987) . To investigate further the possible endosomal nature of the TR, we looked at the intracellular site at which transferrin was endocytosed. This iron-carrying protein has been shown to be excluded from the lysosomes in Hela cells (Lamb et al. 1983) , and even from late endosomes in Chinese hamster ovary cells (Schmid et al., 1988) . From our data we may tentatively conclude that the TR and transferrin compartments are different. We are currently investigating the possibility that poliovirus, due to its high density, alters the density of the TR vesicles.
The virions from the TR were inaccessible to antibody presented to whole cells, and they remained so even after homogenization. This strongly suggests that the TR does represent an intracellular compartment consisting of virions within lipid vesicles. The TR vesicles may represent a still unrecognized stage of endocytosis, or one that exists only in poliovirus-infected cells.
In the first reports on the physical condition of internalized virions (Lonberg-Holm, 1975; LonbergHolm et al., 1975; Lonberg-Holm & Whiteley, 1976) , the phenomenon of 'tight binding' was described, i.e. the formation of complexes between internalized intact virions and some cellular structure. This structure was said to contain lipids because it could be disrupted by 0.2~ SDS. Our TR material resembled Lonberg-Holm's 'tightly bound complexes' in that it contained intact virions and had a similar sedimentation velocity in a sucrose gradient. On the other hand, the tightly bound complexes were insensitive to 0-5~ NP40 or deoxycholate, whereas our TR vesicles were sensitive to 0-1~ NP40, even at 0 °C. It must be remembered that the tightly bound complexes were observed under circumstances quite different from our own; their formation was documented only for poliovirus type 2 at 37 °C and, moreover, the cells underwent ultrasonic disruption, which may have promoted artificial vesicle formation. In addition, the 0.5 ~ NP40 added to the homogenates ruled out detection of NP40-sensitive structures, such as our TR material.
Our results fully confirm the basic distinction between adsorption, penetration and uncoating proper that was introduced by Mandel (1967) . His findings show that intact virus penetrates the cells, but give no indication whether the internalized virus is free in the cytoplasm or associated with subcellular organelles. Recently, using other methods, Willingmann et al. (1989) have also suggested that poliovirus can enter the cell without modification.
Taken together, our results show that at 26°C poliovirions are taken up in two steps. One step involves the binding of virions to the plasma membrane and the second their seclusion in the vesicles of the TR, neither step involving capsid modification or loss of infectivity. It remains unclear whether the TR vesicles are part of the normal cellular endosome system or are virus-induced.
The main question is whether the observed phenomena are restricted to subnormal temperatures, or whether they also occur at the physiological temperature of 37 °C. Preliminary experiments from asynchronous infections at 37 °C show the presence of viral label at the plasma membrane and in the TR fraction, although with less accumulation in the TR; in contrast, labelling of the middle region is increased.
The advantage of our approach comes from the ability to separate subcellular fractions and the possibility of inspecting these fractions for their viral contents. Mapping of the intracellular pathways during the early stages of poliovirus infection should allow us to define the route by which poliovirus delivers its RNA into the cell, and to differentiate between productive and abortive pathways.
